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We have demonstrated an easy and fast TiO2 magnetic beads (Merck KGaA, Germany) protocol 
to be highly sensitive and selective for phosphopeptide enrichment by tests using both standard 
peptide mixtures as well as complex real sample. This method is directly compatible with 
phosphopeptide sequencing and quantitation by LC-MS/MS.
Lei Cheng1 ; Sven Andrecht2 ; Jörg von Hagen2 ; Claus Juel Jensen3; Morten Frodin3; Ole N. Jensen1
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Despite the rapid development and improvement in mass spectrometry based methods for 
protein phosphorylation studies, challenges still remain. Various phosphopeptide enrichment 
methods have been successfully applied to overcome the drawbacks of low abundance of target 
proteins and substoichiometric phosphorylation events. TiO2 is among which generally regarded 
as an efficient and robust material for phosphopeptide enrichment and established protocols are 
already available [1,2]. Interestingly, different types of TiO2 materials exhibit varying enrichment 
profiles for phosphopeptides. Here we show that using TiO2 coated magnetic beads (Merck 
KGaA, Germany), highly selective phosphopeptide enrichment of complex peptide samples can 
be achieved through a fast, sensitive, specific and scalable protocol. 
INTRODUCTION
TiO2 magnetic beads
Wash 2x with loading buffer
Incubate peptide mixture in loading 
buffer with TiO2 magnetic beads
* Incubation in shaker 5-10min for complex samples
Remove supernatant
Wash 2x with washing buffer      
* Wash incubation in shaker 5min 
for complex samples
Dry TiO2 magnetic beads in speedvac             
5-10 min
Elute with elution buffer                   
* 2-3ul for MALDI, 2x 15ul for LC-MS    
Air dry eluant on MALDI target         
10-15 min
Dry eluant in speedvac     
5-10 min
Place 1 µl of MALDI matrix on 
top of eluant and let crystallize
MALDI-MS analysis
* Redissolve in 0.5 µl 100% 
FA and then 0.1% FA
LC-MS analysis
Fig.1 MALDI TOF MS (Bruker UltraFlex) 
spectra of 0.5 pmol P33357 after 
enrichment of TiO2 coated magnetic beads 
using the protocol described in material and 
methods (a), enriched using TiO2 from GL 
science [1] (b) and without enrichment (c).
Peaks marked with * are phosphopeptides.
Results from phosphopeptide standard mixtures:
P33357  (Invitrogen):
MH+ Amino Acid Sequence
1,046.54      DRVYIHPF
1,296.69      DRVYIHPFHL
1,578.85      GKGRGLSLSRFSWGA
1,669.67      DHTGFLpTEpYVATR
1,702.75      TRDIpYETDYYRK
1,720.89      VPIPGRFDRRVpTVE
2,192.09      DLDVPIPGRFDRRVpSVAAE
Fig.2 MALDI mass spectra of 0.5 pmol 8-protein mix. MALDI spectrum of the 8-protein mix after 
enrichment of TiO2 coated magnetic beads (a), the original 8-protein mix (b) and blank sample that have 
undergone the same TiO2 magnetic beads enrichment procedure to test for artifacts or impurities that could 
be introduced by the beads (c). Zoom spectra shown as (d). Peaks marked with * are phosphopeptides.
Specificity test
Fig.3 MALDI mass spectra of TiO2
magnetic beads enriched 8-protein 
mix with 0.5 pmol of phosphoprotein 
digest but with 1:3 (a), 1:6 (b), 1:15 
(c), 1:30 (d) phosphoprotein to non-
phosphoprotein molar ratio. Peaks 
marked with * are phosphopeptides.
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Preparation of Kc167 cell lysate:
Cell lysis protocol (4ºC):
1) Wash cells with PBS.
2) Lyse the cells with 200ul TX-100 lysis buffer, 
incubate for 15min on a rocking table.
3) Transfer lysate to eppendorf tube.
4) Spin down eppendorf for 5 min at 20000g (DNA will 
be pelleted at this step).
5) Transfer supernatant to new eppendorf tube.
Acetone Precipitation:
6) Add 180ul -20ºC cold acetone, mix well.
7) spin down 20000g, 5min.
8) Discard supernatant.
9) Resuspend in 8M urea.
The described phosphopeptide enrichment method using TiO2 magnetic beads has been tested with standard 
mixtures including P33357 (Invitrogen), self digested 8-protein mix and a custom made protein digest mixture with 
>30 non-phosphoprotein to phosphoprotein molar ratio.
Results from Drosophila Kc167 Cell lysate:
Preliminary application to crude Kc167 cell lysate & method comparison:
Table.1 Summary of the preliminary results from procedures A and B. The number in bracket is the 
number of phosphopeptides identified that are not found in www.phosphopep.org [4] database. 
A: 25ug of crude cell lysate digest, TiO2 magnetic beads + desalting
B: 50ug of crude cell lysate digest, CPP (calcium phosphate precipitation) [3] + TiO2 magnetic beads
Crude cell lysate are directly enriched without desalting.
For the following results shown, redundancy of identification from Mascot search results are removed manually. 
Optimization and application to acetone precipitated Kc167 cell lysate :
Peptides identified
Kc167/Kc167V
Phosphopeptides
Kc167/Kc167V
Phosphoproteins
Kc167/Kc167V
Specificity 
Kc167/Kc167V
Phosphosites 
Kc167/Kc167V
TiO2 beads 1st 609/653 437/474 183/197 72%/73% 340/363
TiO2 beads 2nd 432/463 130/132  481/511(total) 192/284 (total) 30%/29% 114/125
TiO2 2x 5min wash 315/401 301/373 141/172 96%/93% 307/355
• A cleaner sample would improve protein digestion and also the following TiO2 enrichment step.
• Protocol improvement as indicated in red in the flow chart (shown in materials and methods), especially 5 -10 min 
sample incubation and 2x 5 min washing incubation are very important for sufficient binding and effective removal
of nonspecific binding.
Peptides identified Phosphopeptides Phosphoproteins Specificity 
A TiO2 beads 256 161 (28) 75 63%
B CPP + TiO2 beads 203 170 (30) 84 84%
Table.3 Results from 50ug of starting material again. A second TiO2 enrichment of previous flow-through is 
recommended but the total number of identification has only increased slightly. By adding the 2x 5 min 
washing incubation, the specificity has increased  from around 70% to more than 90%. (* Kc167V means Kc167 
cells stimulated with vanadate).
Fig.4 Bar chart a shows the total number of identified protein 
counts from Kc167 and Kc167V samples according to their 
molecular functions. The most abundant phosphoprotein 
identification are with catalytic activity or involved in protein 
binding. A reasonable amount of signal transducer proteins 
are also identified from both samples. Pie chart b shows the 
overlap of the total number of phosphopeptides identification 
for these two samples. Bar chart c indicates the ratio 
between total multi and mono phospho peptides identified. 
Chart a is generated by ProteinCenter (Proxeon).
RESULTS
CATA P17336 (S167)   ALSSpCCPVTGDVYR CDC2 P23572 (T14)   IGEGTpYpGVVYK
Fig.5 Examples of 
MS/MS spectra for 
selected peptides 
(which are not found 
from original cell lysate 
samples before 
enrichment) from MSA 
LC-MS data sets. 
Spectra below are 
control spectra taken 
from Phosphopep [4] 
database for the 
purpose of comparison.
Regeants:
TiO2 magnetic beads (Merck KGaA)
2,5-dihydroxybenzoic acid 
(DHB, Fluka)
Ortho-phosphoric acid 
(Bie & Berntsen A/S)
Acetonitrile, HPLC grade 
(Bie & Berntsen A/S)
Trifluoroacetic acid (TFA) 
(Applied Biosystems)
Ammonia solution, 25% (Merck)
UHQ water (From Milli-Q system)
Formic acid (FA)(Aldrich)
Buffers:
Washing buffer:
80% acetonitrile – 5% TFA
Loading buffer:
80% acetonitrile – 5% TFA
Elution Buffer:
Around 20 µl 25% ammonia solution 
is added to 980 µl UHQ water 
yielding a  final pH ≥ 10.5 
MALDI Matrix:
20 mg/ml DHB in 50% acetonitrile, 
5% ortho-phosphoric acid [1]
LC-MS redissolving buffer:
0.1% Formic acid
Samples:
P33357(invitrogen)
8-protein mix:
Self-digested protein
mixture of 
Alpha-casein
Beta-casein
Alpha-amylase
Alcohol dehydrogenase
Lysozyme
Ribonuclease B
Myoglobin
Albumin
The optimized TiO2 magnetics beads protocol is fast, easy, specific and applicable to complex real samples. 
The number of Y (Tyrosine) phosphorylation for Kc167 and the vanadate stimulated sample from a single 
enrichment + single LC-MS run (dataset TiO2 beads plus 2x 5 min wash) is about 12 and 15 respectively. 
• High sensitivity: TiO2 magnetic beads protocol can be directly applied to a very small amount of crude cell lysate. 
• Limiting factors: Sample in the presence of detergents, insufficient protein digestion or DNA contamination could 
have limited the final number of phosphopeptide identification.
Peptides identified Phosphopeptides Phosphoproteins Specificity
TiO2 beads 502 359 162 72%
TiO2 microcolumn [1] 584 214 120 37%
Table.2 Results from 50ug acetone precipitated Kc167 cell lysate (5 -10 min sample incubation time is 
included for the beads method). After optimization we could double the number of phosphopeptide 
identification. Result also confirms that specificity of the magnetic beads method is higher than the 
conventional microcolumn method even when applied to a complex real sample.
We have demonstrated a fast and selective phophopeptide enrichment method using 
TiO2 magnetic beads (Merck KGaA) from tests with various standard mixtures and 
Drosophila Kc167 cell lysate. The addition of DHB (Glycolic acid) in loading condition is 
not needed to obtain a high phophopeptide specificity. With this work flow, hundreds of 
phosphorylation sites can be identified from a single enrichment and single LC-MS run 
using low amount of Kc167 cell lysate (around 50 ug without any pre-fractionation 
procedure). A specificity of more than 90% can be achieved. This protocol can easily be 
automated for large scale phosphorylation analysis. 
Even though this TiO2 magnetic beads method is proved to be highly compatible with 
complex real sample, for a complete phosphoproteomic analysis, we still need better 
sample preparation, further optimization and combination of different methods. 
CONCLUSIONS
Protein concentration measured with Biorad DC protein 
assay kit.
Cell lysate digestion: + 5mM DTT, reduction at 37 for 1hr, 
+ 60mM iodoacetamide room temperature 1hr, then + 5mM 
DTT, overnight trypsin digestion, pH adjusted to around 7-8.
LC-MS are carried out on a LTQ-orbitrap (Thermo), MSA 
method used for analysis. Raw files are transferred to MGF 
files using Proteome Discoverer (Thermo). 
Mascot search parameter: Database: Swissprot 
Drosophila; up to 2 miss cleavages; Fixed modifications: 
Carbamidomethyl (C); Variable modifications: Acetyl 
(protein N-term), Oxidation (M), Phospho STY; peptide tol. 5 
ppm; MS/MS tol. 0.6 Da.. 
Kc167V total 
Kc167 total
211 300 181
a b
c
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Comparison between TiO2 magnetic beads and TiO2 microcolumn methods
Specificity on complex sample increase with optimum washing incubation time
